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In organic light-emitting diodes (OLEDs), interface dipoles play an important role in the process of charge injection from the metallic electrode into the active organic layer. [1, 2] An oriented dipole layer changes the effective work function of the electrode because of its internal electric field. The differences between the work functions of the electrodes and the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the light-emitting polymer determine the injection barriers and, thus, the electron/hole current balance and light emission of an OLED. [3] Therefore, the local light emission can be enhanced or suppressed by changing the work function on a local scale. This control of local emission is ideally suited for OLED-based signage applications, for example.
Here we use patterned, microcontact-printed (mCP) selfassembled monolayers (SAMs) with opposite dipole moments to change the local work function. This local work function change is analyzed by using scanning Kelvin probe microscopy (SKPM) with a lateral resolution on the order of 100 nm. We fabricate OLEDs with SAM-modified anodes and measure the light emission. By combining the SKPM measurements with optical microscopy images of the patterned OLEDs, we demonstrate a direct correlation between the local work function and light emission.
Patterned self-assembled monolayers were obtained using a poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning) stamp. The PDMS was poured onto a prepatterned mold and baked at 65 8C. [4] The stamps were put in an ethanol solution of 
in which e corresponds to the permittivity of the dipole layer, e 0 to the vacuum permittivity, s to the charge per unit of area A, N to the number of molecules per unit area, and m ? to the component of the dipole moment normal to the surface. [5] N is commonly known as the grafting density. A chemisorbed SAM on a metal is usually described by a superposition of two dipoles: one originating from the metal-sulfur (M-S) charge transfer interaction m MÀS and one intrinsic to the molecule m ?;SAM . [6, 7] According to recent density functional theory (DFT) calculations, the contribution of m MÀS to the total dipole moment is much smaller than that of m ?;SAM , and therefore m MÀS can be disregarded. [8] [9] [10] The magnitude of the dipole moment is mainly determined by the adsorbed molecule itself. Under this assumption, the change in surface potential, and therefore the change in work function of the electrode (x electrode ), can then be determined using [11, 12] DV
The topography and work function of the patterned monolayers were measured using scanning Kelvin probe micro- scopy. [13] [14] [15] First a height profile was recorded by tappingmode atomic force microscopy (AFM), followed by a second pass in which the work function was measured at a lift height of 25 nm above the surface. The work function was obtained by nullifying the frequency (v) component of the electrostatic force (F v ) on the tip:
, in which C is the capacitance between tip and sample, z the distance of the tip to the sample surface, and V ac is the amplitude of the applied ac voltage signal. When the potential applied to the tip (V dc ) is equal to the work function difference between the tip and the sample surface, Dx ¼ x tip À x sample , the electrostatic force is zero. Therefore, the work function between the tip and sample can be deduced directly from the applied potential on the tip, using V dc ¼ Dx. [13] In this manner, the local work function of both the printed monolayer and the surrounding gold were measured, with the untreated gold acting as an internal reference. The height profiles of the microcontactprinted self-assembled monolayers of C 18 H 37 SH and C 4 F 9 C 12 H 24 SH are presented in Figure 1a and b, respectively. From the topography, a mean height difference of approximately 2 nm between the covered and uncovered regions for both molecules is deduced. These heights are, within experimental accuracy, in agreement with the length of the molecules. The off-normal tilt angle could not be accurately determined. The simultaneously measured potential profiles are presented in Figure 1c and d. We observe a direct correlation between the height and potential profile owing to the local change in surface potential caused by the dipole moments of the printed molecules. In Figure 1e curves A and B are cross-sections of the potential profiles for the C 4 F 9 C 12 H 24 SH and C 18 H 37 SH monolayers, respectively. We obtain a change of the surface potential of À0.3 V and 0.5 V for the F-SAM and CH 3 -SAM covered regions. We calculate the work function change using x SAM À x Au ¼ V Au À V SAM , in which x is the work function and V the measured surface potential of either the Au or the SAM region (indicated by the subscript). [12] This implies that the effective work function of Au is changed from 4.9 eV to 5.2 eV and 4.4 eV in the case of the F-SAM and CH 3 -SAM.
As argued above, we can calculate the expected work function change by using only the contribution of m ?;SAM . The C 18 -alkanethiol has a calculated dipole moment along the surface normal of 1.5 D. The fluorinated alkanethiol, on the other hand, has a calculated dipole moment along the surface normal of À1.4 D. [16] Taking reported grafting densities of 4. , the height scale is 15 nm. c,d) Surface potentials belonging to the topographies of (a) and (b), respectively. e) Cross-section of the surface potentials for the microcontact-printed F-SAM and CH 3 -SAM on Au. The right curve is the surface potential of the printed F-SAM after immersing it in a solution of C 18 H 37 SH in ethanol. molecules of 0.5 V and À0.3 V for the CH 3 -SAM and F-SAM are smaller than the calculated changes in surface potential and also smaller than surface potential changes obtained using monolayer formation from solution, which are 0.8 V and À0.6 V for the CH 3 -SAM and F-SAM, respectively. [12] The printed monolayer is not anticipated to be perfectly dense or aligned, and therefore lower values for the surface potential change can be expected. In addition, the deviation of the measured from the calculated work function change might also be attributed to depolarization effects at the interface, which tend to reduce the dipole moment of the individual molecules. [17] Moreover, owing to the capacitive coupling between the AFM probe and the substrate, the measured surface potential difference should be regarded as a lower limit. [18] To increase the local contrast in patterned OLEDs, we first printed the F-SAM. Then we immersed the substrate with the printed F-SAM in a 2 mM ethanol solution of C 18 H 37 SH for 1 min. In this manner a contrast in work function as large as 0.8 eV (Fig. 1e, curve C) was obtained. This is in agreement with the sum of the work functions for the separate molecules printed on gold and indicates that the printed self-assembled monolayer does not dissolve into the solution. The work function contrast of 0.8 eV suggests that the intermixing of the two molecules is negligible, despite the imperfect packing of the F-SAM. Moreover, the edges are sharp and from the surface potentiometry we deduce a lateral transition region on the order of 100 nm or less. The concept of changing the work function of the electrode allows the change of the injection barrier of an OLED by changing the anode work function using a SAM. Additionally, by patterning the SAMs, we pave the way to the fabrication of patterned OLEDs with enhanced (or reduced) light emission on a nanometer scale. This straightforward fabrication method has the additional advantage that it does not require the use of expensive and time-consuming lithography.
In Figure 2a and b we present optical microscopy images of patterned OLEDs based on printed CH 3 -SAMs and F-SAMs. Both consist of 100 nm Al/5 nm Ba/80 nm OC 1 C 10 -PPV/SAM/ 20 nm Au, in which OC 1 C 10 -PPV is poly[2-methoxy-5-(3 0 ,7 0 -dimethyloctyloxy)-1,4-phenylene vinylene]. The thickness of the light-emitting polymer is not affected by the presence of the self-assembled monolayer. In Figure 2a , the squares were printed using a CH 3 -SAM, and a negative image is obtained. In Figure 2b , the same squares were printed with a F-SAM, creating a positive image. The squares are 10 Â 10 mm 2 . We observe that in the case of the CH 3 -SAM the printed area is dark; in case of the F-SAM the printed area is bright. These observations are in agreement with the direction of the dipole moment and the change in work function corresponding to this dipole orientation. Note that the devices based on the F-SAMs can only produce a patterned light emission because of the presence of an injection barrier for holes at the pristine Au/ OC 1 C 10 -PPV interface (see Fig. 3b ).
To study the charge transport, we have prepared OLEDs with anodes of gold that were completely covered with a CH 3 -SAM, a F-SAM, and OLEDs without SAM. The current as a function of voltage for the three devices is plotted in Figure 3a . We observe that the current in the F-SAM device exceeds the current of the device without a SAM. In the device with a CH 3 -SAM the current is reduced. A band diagram of the OLED is presented in Figure 3b . The Ba/Al and the Au electrodes are shown on the left-and right-hand side, respectively. A layer of OC 1 C 10 -PPV is sandwiched in between. The F-SAM improves the injection of holes because the barrier between the gold contact and the OC 1 C 10 -PPV is reduced. The CH 3 -SAM, on the other hand, increases the energy level of the Au electrode with respect to the polymer HOMO level and therefore hampers the hole injection. Thus, by changing the work function, we effectively change the injection barrier and therefore the current balance in the diode. By changing the energy levels, the built-in voltage, that is, the difference between the work function of the anode and cathode, is also changed. Figure 3a shows that decreasing the built-in voltage has a smaller effect on the current than changing the injection barrier. We note that an anomaly at low voltages is observed. This anomaly in the current has been observed more frequently in OLEDs. [19, 20] Furthermore, it has recently been shown that the luminous efficiency can be improved by using a SAM that reduces the exciton quenching effect through nonradiative energy transfer to the metal electrode. [21] [22] This effect occurs in addition to the work function change. We observe a decrease in the light emission in Figure 2a for the CH 3 -SAM. The effect on the light emission of the change in work function caused by the SAM is therefore bigger than the effect of the reduced quenching. In summary, we have shown the production of patterned organic light-emitting diodes by a simple microcontact printing technique. We have used two molecules of only 2 nm with opposing dipole directions, which orient themselves on gold and therefore change the local work function. We have quantified this difference in work function with scanning Kelvin probe microscopy and, by applying a monolayer of these molecules on the anode of a light-emitting diode, we can control the local hole injection, resulting in a direct handle on the local light emission. The work function can be modulated within a resolution smaller than 100 nm, allowing a straightforward and low-cost fabrication process for structuring OLEDs on nanometer length scales.
